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ABSTRACT Receptor-mediated cell adhesion is a central phenomenon in many physiological and biotechnological processes.
Mechanical strength of adhesion is generally presumed to be related to chemical affinity of receptor/ligand bonds, but no
experimental study has been previously directed toward this issue. Here we investigate the dependence of receptor/ligand
adhesion strength on bond affinity using a radial fluid flow chamber assay to measure the force needed to detach polystyrene
beads covalently coated with immunoglobulin G from glass surfaces covalently coated with protein A. A spectrum of animal
species sources for immunoglobulin G permits examination of three decades of protein AMimmunoglobulin G binding affinity.
Our results for this model system demonstrate that adhesion strength varies with the logarithm of the binding affinity, consistent
with a prediction from the theoretical model by Dembo et al. (Dembo, M., D. C. Torney, K. Saxman, and D. Hammer. 1988. Proc.
R. Soc. Lond. Ser. B 234:55-83).
GLOSSARY
AC contact area
a contact area radius
Bi number of bonds in contact region
C bound receptor number
fb force to break single bond
Ft total force to detach bead/cell
H maximum plate and bead separation distance
h gap width between two disks
h, separation distance between plate and bead
kB Boltzmann's constant
KD equilibrium dissociation constant
L solution ligand concentration
lb extent of stretch to reach fb
Nb bond density
NL substratum ligand density
NR receptor density
Q volumetric flow rate
r radial distance from center of chamber
rc critical radius
RT receptor number per bead
RC receptor number per bead in contact region
S surface shear stress
SI critical shear stress
Tcri critical tension on sphere
a front angle between membrane and surface
y adhesion energy
,u. fluid viscosity
X conversion parameter for KD
PB bead radius
0 temperature
INTRODUCTION
Receptor-mediated cell adhesion plays a crucial role in many
physiological and biotechnological processes. For example,
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leukocyte and tumor cell homing to particular tissues is ac-
complished by specific receptor interactions with endothelial
ligands (Springer, 1990). Also, cell affinity chromatography
can be used for depletion of tumor cells from bone marrow
for autologous transplantation, enrichment of stem cells from
the bone marrow for allogeneic transplantation or for gene
therapy, and isolation of fetal cells from maternal blood for
genetic diagnosis (Berenson et al., 1986; Sharma and
Mahendroo, 1980).
A long-standing issue in cell adhesion is how receptor-
mediated cell/cell or cell/substratum adhesion strength is re-
lated to receptor/ligand binding affinity. While models for a
variety of cell behavior involving receptor-mediated adhe-
sion invoke a connection between these two quantities (Bell
et al., 1984; Hammer and Lauffenburger, 1987; Dembo et al.,
1988; DiMilla et al., 1991), no direct experimental test has
been heretofore conducted. Information on this relationship
should be useful as a guide to molecular design in applica-
tions as diverse as cell separations, biomaterials, cell and
developmental biology, and tissue engineering. We provide
in this paper the first experimental investigation directed to-
ward this issue.
Because we desire to focus on receptor/ligand interactions
as purely as possible, we have chosen to use protein-coated
10-,um diameter latex polystyrene microspheres as "model"
cells. These beads serve our purposes particularly well for
five reasons: (a) types and numbers of "receptors" can be
systematically varied; (b) complicating features associated
with real cells, such as membrane diffusion, cell viscoelastic
deformation behavior, and receptor/cytoskeletal interactions,
are absent; (c) covalent linkage of protein "receptors" to the
beads by carbodiimide chemistry, as well as of protein "li-
gands" to substrata via silane coupling techniques, reduces
ambiguity regarding the mode of bond disruption; (d) com-
parative nondeformability of the beads allows a constant
bead/substratum contact area; and (e) relatively smooth bead
surface permits reasonable estimation of the contact area.
Although we do not claim immediate correspondence of the
data we obtain with our model cells to observations on real
2191
Volume 65 November 1993
cells, because of the obvious simplifications, we believe that
important insights can be gained into biophysical character-
istics of the underlying receptor/ligand interactions.
Animal immunoglobulin G (IgG) antibodies were chosen
for the receptor linked to the bead surface. Protein A (SpA),
a cell-wall constituent ofStaphylococcus aureus, was chosen
as the complementary ligand. ProteinA specifically binds the
Fc region of immunoglobulins, mainly IgG, from different
mammalian species (Langone, 1982a). SpA/IgG provides a
useful receptor/ligand system because of its well-studied
binding interactions and potential for alteration of binding
affinity (as well as rate constants) by available methods
(Langone, 1982a,b; Pharmacia, 1992).
Adhesion strength was determined from measurement of
the critical shear stress for detachment of beads from the
coated glass substratum in the radial fluid flow chamber,
following Cozens-Roberts et al. (1990). This device is well
suited for these studies because a range of fluid shear
stresses can be applied in a single experiment, with the lin-
ear fluid velocity decreasing reciprocally as radial distance
from the fluid inlet increases in the chamber. Shear stress
values can be converted to total force using an analysis of
the translational force and rotational torque for a spherical
particle near a surface (Hammer and Lauffenburger, 1987;
Goldman et al., 1967).
We varied the receptor/ligand binding affinity by two
separate means: alteration of the pH of the fluid medium and
use of IgG antibodies from different animal species. Binding
parameters (receptor number and equilibrium dissociation
constant, KD) were measured by fluorescence flow cytom-
etry using fluorescein-labeled SpA in solution binding to
IgG-coated beads. Total substratum ligand density was
measured by determining radioactivity levels of substratum
coated with 1251I-labeled SpA, and functional ligand density
was determined by using 1251I-labeled antibodies binding to
SpA-coated glass plates. The contact area was estimated
from geometric considerations (Cozens-Roberts et al., 1990).
Our experimental results were analyzed in terms of an
existing theoretical model for cell adhesion by Dembo et al.
(1988). Combined with an expression for adhesion energy
density by Evans (1985), this model successfully describes
our data, which show a logarithmic dependence of mechani-
cal detachment force on chemical affinity.
MATERIALS AND METHODS
Radial-flow detachment assay
The radial-flow detachment assay (RFDA) is a procedure that conveniently
measures the strength of adhesion between a particle and a surface (Cozens-
Roberts et al., 1990). Fluid flow in a radial direction between two parallel
surfaces within the chamber provides a shear force capable of detaching
"receptor"-coated particles initially adhered to a "ligand"-coated glass disc.
Since the fluid dynamics within the chamber are well characterized, the
particle/surface adhesion strength can be determined from the shear force
needed for detachment under any particular conditions.
The apparatus consists of a chamber, a ligand-coated disc, a fluid source
(separatory funnel), and the microscope system. A schematic diagram of the
cross-section of the radial-flow detachment chamber is shown in Fig. 1. The
FIGURE 1 Schematic cross-section diagram of the radial-flow detach-
ment chamber. Fluid flow in a radial direction between two parallel surfaces
provides the shear force capable of detaching receptor-coated model cells
from the ligand-coated glass disc (Cozens-Roberts et al., 1990). The surface
shear stress decreases with increasing radial position, allowing the particle/
surface adhesion strength to be determined.
ligand-coated, 50-mm diameter, flat glass disc is placed in the Plexiglas
chamber above a 25.4-mm diameter cylinder. The separation between these
two flat surfaces is 0.254 mm, maintained with three Plexiglas spacers. Fluid
flows radially through this gap, detaching beads bound to the glass disc. The
surface shear stress, S, decreases radially with distance from the center of
the chamber. From fluid flow calculations, the shear is inversely propor-
tional to the radius. Therefore, beads will be detached in the region near the
center of the chamber (higher shear stresses) and the beads will remain
adhered in the outer radii (lower shear stresses). Direct observation of the
number of beads attached before and after flow of buffer can be made
through a Carl Zeiss (Batavia, IL) SV8 stereomicroscope. These quantities
provide information on the strength of adhesion.
Receptor-coated beads injected into the chamber are allowed to incubate
for a period of 30 min, and the surface is scanned along the x and y axes
to count initially adhered beads. Constant buffer flow is then applied for 30
min until a stable critical radius develops. The remaining adherent beads are
counted along the same axes, and the percentage remaining can then be
determined as a function of radial position, r. A boundary exists where fluid
flow has detached all beads between the center entrance port and the region
where beads remain attached. This critical radius, rr, marks where the force
and torque of the fluid on the particle are exactly counteracted by the bead's
adhesive stresses in the cell-substrate interface. By convention, we define
r, to be the radius where the adherent percentage after flow begins to deviate
from 0%. We can calculate the shear stress present at any radius with the
expression (Cozens-Roberts et al., 1990):
3QfL
Wrh2
where Q is the volumetric flow rate, ,u is the fluid viscosity, r is the radius,
and h is the gap width between the two discs. From a plot of percentage
bound after flow versus shear stress, a critical shear stress, Sc, can be de-
termined from the radius where the beads just begin to remain attached.
Receptor and ligand
Animal IgG antibodies were used as the bead receptors. The antibodies
tested were rabbit, mouse, pig, goat, and sheep. Rabbit and mouse poly-
clonal, chromatographically purified IgG antibodies were purchased in
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buffer solution from Zymed Laboratories (South San Francisco, CA). Pig,
goat, and sheep polyclonal antibodies were purchased from Sigma Immu-
nochemicals (St. Louis, MO).
The ligand chosen was recombinant SpA from Escherichia coli, pur-
chased from Zymed Laboratories in lyophilized powder form. The protein
was prepared from the cytosol of an E. coli strain containing the gene for
SpA from S. aureus Cowan I strain.
SpA conjugated with fluorescein isothiocyanate was also purchased from
Zymed Laboratories. SpA was radiolabeled with "I using IODO-Beads
iodination reagent purchased from Pierce (Rockford, IL), following Mark-
well (1982). Binding more than one 125I atom per protein A molecule via
tyrosine residues can impair the molecule's ability to bind IgG (Markwell,
1982), so a low transfer efficiency of 125I was desired. "2I was purchased
from DuPont (Wilmington, DE) as Na'25I in solution. Iodination was per-
formed with a single IODO-Bead and 1.0 mCi of 125I. The bead was in-
cubated for 15 min with 100 ,ug of protein. By using a large amount of
protein, a lower efficiency of incorporation was obtained. Separation of the
free iodine from the protein was carried out on a Sephadex G-10 column.
Fractions were taken and counts measured on a Cobra Auto-Gamma Count-
ing System, model B5002 (Packard Instrument Company, Meriden, CT).
Fluorescence measurements were made on an EPICS model 752 flow
cytometer (Coulter Electronics, Hialeah, FL) equipped with an Innova 90-5
argon ion laser (Coherent, Palo Alto, CA). The water-cooled laser was tuned
to 488 nm with a sample laser power of about 350 mW. Fluorescence his-
tograms were collected based on gated bit maps of forward angle light scatter
versus 900 light scatter. A 515 nm long-pass filter was used in front of the
photomultiplier tube collecting fluorescence signals. A dichroic 488 nm
long-pass filter in front of the photomultiplier tube collected 900 light scat-
ter. A third photomultiplier tube collected forward angle light scatter with
a gain of 10. The voltages were adjusted to increase the sensitivity, keeping
both the lowest and the highest fluorescent samples on the three-decade log
scale. A Coulter Multiparameter Data Acquisition and Display System was
used to display, analyze, and store data.
Experiments involving 11I-labeled SpA were performed to determine
receptor number and SpA densities on the bead and plate surfaces, respec-
tively. Actual functional receptor/ligand binding sites were also measured
using 1II-labeled antibodies. In addition, radiolabeled equilibrium experi-
ments were used to obtain calibration ratios for conversion of flow cytom-
etry data to exact numbers of proteins. Details can be found in Kuo (1992).
Plate and bead coating
Polystyrene latex microspheres (C8H8)n were purchased as carboxylated
microspheres, 2.5% suspension, from Polysciences, Inc. (Warrington, PA)
and were reported by that company to have an average diameter of 10 Am
as determined by the centrifuge assay. However, Coulter Counter and flow
cytometry analysis performed in our laboratory discovered a biphasic popu-
lation of beads, with 70% of the beads having an 8-,um diameter and 30%
with a 10-,um diameter. Both subpopulations exhibited small variance rela-
tive to their means. All experiments were carried out with this particular lot
of beads, and thus calculations are adjusted for this bead size distribution.
Carbodiimide chemistry was used to covalently link the protein, IgG, to
activated carboxylate groups on the bead surface. Water-soluble carbodi-
imide (ethyl-3-(3-dimethylamino)propyl carbodiimide, C8H18C1N3) can
couple compounds containing functional groups, such as amines and car-
boxylic acids (Goodfriend et al., 1964). The carbodiimide links the protein
amine groups to the activated carboxylate groups on the surface of the bead.
The chemicals and coating procedure were supplied in a carbodiimide kit
from Polysciences, Inc. The coating procedure involved preparation of the
carboxylate bead surface by washing sequentially in carbonate and phos-
phate buffer solutions. A 2% solution of carbodiimide in phosphate buffer
was added to the beads and mixed for 3-4 h. After the unreacted carbo-
diimide was removed by washes with borate buffer, the protein was added
in amounts ranging from 20 to 200 ,g. After an overnight incubation, etha-
nolamine was added to block unreacted sites, and bovine serum albumin
served to block any remaining nonspecific binding sites. Details of the
coating procedure can be found in Cozens-Roberts et al. (1990) and Kuo
(1992).
Optical round flat glass discs (50-mm diameter, 3-mm thickness) were
used as the protein-coated surfaces in the chamber. The discs were pur-
chased from Melles Griot (Irvine, CA). The discs were vigorously cleaned
by soaking in concentrated nitric acid for 15 min, rinsing in deionized water,
and soaking in 4 mM NaOH. After overnight drying, the discs were then
silanized by soaking in a solution of 2% v/v 3-aminopropyltriethoxysilane
(Sigma, St. Louis, MO) in acetone under constant agitation for 10 min. This
procedure covalently couples 3-aminopropyltriethoxysilane to the glass
while forming an alkylamine carrier (Weetal, 1976), creating a hydrophobic
surface onto which glutaraldehyde can couple. Glutaraldehyde was pur-
chased as 8.0% in treated water from Eastman Kodak (Rochester, NY). A
glutaraldehyde solution of 1.1% v/v in treated water was prepared imme-
diately before use. A volume of 5.0 ml of the glutaraldehyde solution was
placed on the surface of each disc and allowed to incubate for 30 min at room
temperature. The disc then became an aldehyde carrier to which a ligand can
be covalently coupled via an amine group to the aldehyde group (Weetal,
1976). A 5.0-ml solution of SpA at a concentration of 50 jig/ml was then
incubated with the surface for 2 h creating a hydrophilic surface. Finally,
the discs were rinsed in treated water and soaked in 5.0 ml of 0.2 M glycine
to bind any remaining aldehyde groups on the glass surface. Discs were
stored up to 3 days in phosphate-buffered saline (PBS), containing 0.1%
sodium azide and 1.0% bovine serum albumin.
Protein quantitation
Total receptor number on the beads was determined using flow cytometry.
The beads were incubated for 30 min with a saturating amount of fluorescent
SpA. In addition, beads without IgG, but treated similarly as the beads in
the coating steps, were incubated with fluorescent SpA as controls. Samples
were analyzed with the flow cytometer and fluorescent signals were con-
verted to the number of SpA molecules bound to each bead. Concentration
of the beads in the sample was measured by Coulter Counter model ZM
(Coulter Electronics).
A calibration ratio was needed to convert flow cytometry results to actual
number of protein molecules bound to the surface. To determine this ef-
fective calibration ratio, equilibrium binding experiments with l25l-labeled
SpA were performed and compared with the fluorescence signals obtained
with the flow cytometer.
The glass coating procedure was repeated using 1251-labeled SpA diluted
with cold protein A to determine the total SpA coating density. A glass disc
used for the RFDA experiments was cut into rectangular pieces, which could
be placed in the 1-cm gamma counter sample tubes. All steps of the coating
procedure were scaled down in volume to the surface areas ofthe rectangular
glass pieces from the surface area of the 50-mm diameter discs. The coating
procedure of SpA at the same solution concentration was performed and the
radioactive signal was measured on the gamma counter. We determined the
total SpA density to be 3.5 X 1012 ± 0.5 x 1012 #/cm2. This represents
the total protein on the surface, rather than the functional protein.
The density of active binding sites on SpA was determined by first coat-
ing glass plates with unlabeled SpA and then saturating the binding sites with
radiolabeled antibodies. The density of bound antibodies can then be com-
pared for different species or pH conditions to determine if the number of
functional sites varies. Rabbit IgG (Zymed Laboratories) was radiolabeled
with "2I using IODO-Beads iodination reagent. Radiolabeled 1251-mouse
IgG antibody was purchased from ICN Biomedicals, Inc. (Irvine, CA). The
glass plates were first coated with SpA at a concentration of 50 jig/ml. Then,
a saturating amount of radiolabeled antibody (50 ,g/ml), diluted in cold
antibody, was incubated on the top surface of the glass plate. Antibodies
tested were rabbit and mouse, in PBS buffer, pH 7.4. In addition, rabbit IgG
in pH 3.0 PBS buffer was used. After incubation of the antibody with the
surface for 20 min and a quick wash step with buffer, the radioactive signal
was measured on the gamma counter, and the amount ofbound antibody was
calculated.
Flow cytometry
Quantum 26 calibration beads were purchased from Flow Cytometry Stan-
dards Corporation (Research Triangle Park, NC). These standards allow for
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a direct correlation between the fluorescence signal obtained on the flow
cytometer (channel number) with a quantity referred to as Molecules of
Equivalent Soluble Fluorochrome (MESF). MESF units were determined by
comparing the fluorescence signal from the calibration beads to the signal
from a solution of the same fluorochrome. MESF units give a measure of
the intensity relative to a solution, not the actual number of fluorochrome
molecules.
Equilibrium binding data were collected by incubating a range of con-
centrations of fluorescent SpA with the beads and measuring the fluorescent
signal on the flow cytometer. Concentration of fluorescent SpA ranged from
0 to 125 ,ug/ml. Control beads were also incubated with equivalent amounts
and concentrations of fluorescent SpA. The beads were incubated for 30 min
at room temperature, and the fluorescence intensities were measured on the
flow cytometer. The mean channel of each fluorescence histogram was
determined and converted to number of bound fluorescent SpA molecules,
using the MESF/protein ratio.
Estimation of contact area
The area of the contact region for a smooth, relatively nondeformable par-
ticle can be estimated using geometrical considerations (Cozens-Roberts
et al., 1990). A schematic diagram of a bead in contact with a surface is
shown in Fig. 2 (not drawn to scale). The contact region can be defined as
that permitting approach of bead and glass surfaces to within about 40 nm.
The minimum separation distance between the plate and bead, h., and the
maximum separation distance for receptor/ligand binding, H, are assigned
values of 10 and 40 nm, respectively, based on approximate dimensions of
IgG and protein A. Calculations using these values yielded values for the
contact region radius, a, of 0.40 and 0.45 ,um for 8- and 10-,um diameter
beads, respectively, corresponding to roughly 10% of the original bead radii.
The order of magnitude of this estimate has been experimentally validated,
albeit in approximate fashion, using interference reflection microscopy
(Saterbak et al., 1993). The contact area, then, takes on a value between Ira2
and 2-na2, depending on the extent of curvature; we consider this factor of
2 to be within our level of uncertainty.
Buffer pH experiments
Initial experiments involved altering the fluid medium pH to observe varia-
tions in adhesion strength with binding affinity. Polyclonal, chromato-
graphically purified rabbit anti-goat IgG (Zymed Laboratories) and goat IgG
(Sigma Immunochemicals) were covalently coupled to the beads and glass
via free amine groups using carbodiimide and glutaraldehyde chemistry,
respectively. PBS over a range of pH (5-9) was used as the fluid medium.
Critical detachment stress, Sr, as a function of pH, was previously obtained
by Cozens-Roberts et al. (1990). Using fluorescence flow cytometry, we
determined KD from equilibrium binding of fluorescent ligand in solution
to receptor-coated beads in the same pH buffer solutions. Fluorescein-
labeled goat IgG in PBS was incubated over a range of concentrations with
rabbit anti-goat IgG-coated beads for 30 min. KD values, along with total
receptor number per bead, RT, were found by fitting data on receptor/ligand
complex number, C, versus solution ligand concentration, L, to the equi-
librium binding expression: C = RT X LI(KD + L). SC and KD were both
measured for a series of fluid medium pH values, which were adjusted by
using appropriate HCI and NaOH solutions.
RESULTS
An initial set of experiments was performed to see whether
a previously observed variation of adhesion strength with
fluid medium pH, using goat IgG antibodies as the substra-
tum ligand on the glass and rabbit anti-goat IgG antibodies
as the cell receptors on the beads, could be accounted for by
corresponding variation in goat/rabbit anti-goat binding af-
finity. Fig. 3 shows data for the critical detachment stress, Sc,
as a function of pH, previously obtained by Cozens-Roberts
et al. (1990). Sc decreases from a maximal value as pH is
raised or lowered from a physiological value of 7.4. To learn
whether bond affinity changes might be responsible for this
effect, we measured the equilibrium dissociation constant,
KD, for this receptor/ligand pair for the same pH values.
These data are also plotted in Fig. 3 for comparison. Increases
in KD as pH is raised or lowered from 7.4 are qualitatively
associated with the decreases in S,. Therefore, adhesion
strength correlates directly with measured bond affinity,
the reciprocal of KD. This represents a first experimental
observation demonstrating a relationship between the two
quantities.
However, it is necessary to know what portion of the ad-
hesion strength is due to "specific" receptor/ligand bond
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FIGURE 2 Schematic diagram showing geometrical determination of
contact area of a nondeformable bead with a surface, where hs is the sepa-
ration distance between surfaces, H is the maximum separation, PB is the
radius of the bead, and a is the radius of the contact area (Cozens-Roberts
et al., 1990). Specifying h, = 10 nm andH = 40 nm, the contact area radius,
a, is calculated to be approximately 10% of the bead radius, PB, for 8- and
10-,pm diameter beads.
5
14
12
10 S
0
(n
8 ED
m0
6
(
-a
0
2 P
0
7 8 9 10
pH
FIGURE 3 Critical shear stress, Sc, for detachment of beads coated with
rabbit anti-goat IgG from goat IgG-coated glass in the radial flow chamber
(reproduced from Cozens-Roberts et al., 1990) and equilibrium dissociation
constant, KD, versus fluid medium pH (present work). In these earlier ex-
periments, Sc was determined from the radial position, rc, in the flow
chamber at which 50% of the initially deposited beads were detached by
30 min of shear flow, using Eq. 1. KD was determined from equilibrium
binding of fluorescent ligand in solution to receptor-coated beads using
flow cytometry.
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forces in contrast to "nonspecific" colloidal forces between
protein-coated surfaces. This can be determined by measur-
ing the critical detachment stress as a function of cell receptor
number. The slope of this function should primarily char-
acterize the specific bond forces whereas the intercept should
give the nonspecific forces in the absence of any bonds
(Cozens-Roberts et al., 1990). We thus applied this approach,
but now focused our effort on the IgG/SpA receptor/ligand
pair.
We first changed IgG/SpA binding affinity by altering
medium pH. Fig. 4 shows detachment stress data as a func-
tion of the number of IgG molecules on the beads, for pH =
7.4 and 3.0, with rabbit IgG and SpA. The slope of the curve
for pH = 3.0 is lower than that for pH = 7.4, indicating a
smaller specific adhesion strength. The intercept is slightly
greater at the lower pH, implying a larger nonspecific at-
traction. This may arise from changes in protein and surface
charges as pH is altered. However, control experiments in
which ionic strength was varied yielded no significant effects
on detachment stress.
The key quantitative result of Fig. 4 is that the slope, or,
the specific adhesion strength, on a per receptor basis, is
diminished by a factor of 2.3 by the pH change from 7.4 to
3.0. How does this compare to a measured change in bond
affinity? Fig. 5 shows comparative equilibrium binding data
for these two pH levels. Averages of three such experiments
yielded KD values of 4.6 X 10-9 and 1.8 X 10-7 M for pH
= 7.4 and 3.0, respectively. Bond affinity is thus decreased
by a factor of 30 for pH = 3.0 relative to 7.4. Transient
binding experiments showed that this decrease was primarily
due to a large drop in the association rate constant at the lower
pH (Kuo, 1992).
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FIGURE 5 Equilibrium binding of fluorescein-labeled SpA in solution to
rabbit IgG-coated beads using fluorescence flow cytometry, comparing pH
= 7.4 and 3.0, as a function ofSpA concentration. Values of the equilibrium
dissociation constant, KD, were obtained as means of three separate ex-
periments for each pH (see Table 1), yielding KD values of 4.6 X 10-9 M
and 1.8 X 10-7 M for pH = 7.4 and 3.0, respectively. Bond affinity is thus
decreased by a factor of 30 for pH = 3.0 relative to 7.4.
A more direct approach to altering bond affinity was used
to confirm and extend this result. IgG antibodies from dif-
ferent animal species are known to possess different affinities
for SpA, rabbit having among the greatest (Langone,
1982a,b) We substituted other animal species IgG for the
rabbit IgG as the cell receptors, i.e., the protein immobilized
on the beads, keeping the medium pH constant at 7.4 for all
species. Experiments were performed for IgG from pig,
mouse, sheep, and goat species. Equilibrium binding data
were obtained for the various species from fluorescent flow
cytometry or literature reports (Langone, 1982b), and values
of KD are listed in Table 1.
As an example, mouse IgG has an affinity for SpA that is
approximately 35 times lower than rabbit IgG. Fig. 6 shows
corresponding data for critical detachment stress of beads
coated with the mouse IgG, compared to an extrapolation of
the rabbit IgG data. As before, the beads carrying the lower
affinity receptors exhibit a weaker specific adhesion
strength. For mouse, in comparison to rabbit, the decrease in
slope is now 4.1. Hence, in two different cases, receptor-
mediated adhesion strength is decreased by a factor of about
2-4 when binding affinity is decreased by a factor of 30-35,
independent of the means used to change the affinity.
C 2x105 4x105 6x105 8x10' lXi06 TABLE 1 Equilibrium binding data for IgG from various0 l O' l l O' i x species*
Receptor Number (#/bead)
FIGURE 4 Critical shear stress, Sc, for detachment of beads coated with
rabbit IgG from SpA-coated glass in the radial-flow chamber, comparingpH
= 7.4 and 3.0. The number ofIgG molecules on the beads was varied. Slopes
represent specific adhesion force mediated by receptor/ligand bonds, while
ordinate intercepts represent nonspecific adhesion force occurring in
the absence of receptor/ligand bonds (Cozens-Roberts et al., 1990). For
pH = 7.4, the slope is 8.6 X 10-5+ 0.9 X 10-5 (dynes/cm2)/(#/bead); for
pH = 3.0 it is 3.8 X 10-5 + 1.8 X 10-5 (dynes/cm2)/(#/bead), a factor of
2.3 lower than the slope at pH 7.4.
Receptor pH KD (M)
Rabbit IgG 7.4 4.6 X 10-9 1.7 X 10-9
Rabbit IgG 3.0 1.8 x 10-7 0.5 X 10-7
Mouse IgG 7.4 1.6 x 10-7 0.8 X 10-7
Pig IgG 7.4 1.6 X 10-8 ± 1.0 x 10-8
Sheep IgG 7.4 3.1 x 10-6
Goat IgG 7.4 7.7 X 10-6
* Equilibrium binding data for various species IgG, obtained from fluo-
rescent flow cytometry experiments (rabbit, mouse, and pig) or literature
reports (sheep and goat) (Langone, 1982b).
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FIGURE 6 Critical shear stress, Sc, for detachment of beads coated with
IgG from SpA-coated glass in the radial flow chamber, comparing mouse
IgG and rabbit IgG, both at pH = 7.4. Slopes represent specific adhesion
force mediated by receptor/ligand bonds, while ordinate intercepts represent
nonspecific adhesion force occurring in absence of receptor/ligand bonds
(Cozens-Roberts et al., 1990). For mouse IgG, the slope is 2.1 x 10-5
0.5 X 10-5 (dynes/cm2)/(#/bead); for rabbit IgG the slope (extrapolated from
the data in Fig. 4) is 8.6 X 10-5 + 0.9 X 10-5 (dynes/cm2)/(#/bead). For
mouse, the decrease in slope is a factor of 4.1 relative to rabbit.
We then proceeded to measure the critical detachment
stress for each of the IgG species, again as functions of
bead receptor number. Fig. 7 shows the slopes of such
plots as a function of the KD values for the various species.
Qualitatively, a relationship exists between the slope and
the dissociation constant over three decades of KD values.
A larger slope, or greater adhesion strength, corresponds to
a smaller dissociation constant, or greater bond affinity.
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FIGURE 7 Slopes from plots of critical shear stress Sc versus RT, for
detachment of beads coated with IgG from SpA-coated glass in the radial-
flow chamber, shown as a function of the dissociation constant (KD). The
measured dissociation constants for the various animal species IgG for so-
lution SpA span 4 decades of the logarithmic scale. Statistical analysis using
Spearman's or Kendall's rank correlation shows that the null hypothesis (no
association between x andy variables) can be rejected with 96% confidence.
ANALYSIS
As a first step in interpretation of these data, we must convert
the critical detachment stress, S4, to an overall bead/surface
adhesion strength. This can be accomplished using the fluid
mechanical analysis by Goldman et al. (1967) as applied by
Hammer and Lauffenburger (1987). The slopes of the plots
of critical detachment stress versus bead receptor number can
be multiplied by a conversion factor combining the trans-
lational and rotational forces that act on the bead due to the
fluid shear stress. In the present case this factor is 110pB3/a
(Cozens-Roberts et al., 1990), where a is the radius of the
contact region and p is the bead radius. The forces calcu-
lated for 10- and 8-pim beads are determined separately and
then added in the appropriate ratio (30 and 70%, respec-
tively) to obtain the overall force required for detachment.
We define this quantity as the bead/surface adhesion
strength. Using our estimated value for the contact radius of
approximately 10% of the bead radius, the adhesion strength
per receptor present in the contact region can be calculated,
assuming uniform receptor density. This result is displayed
in Fig. 8.
In this form, our adhesion strength data can be analyzed
in terms of a theoretical treatment previously offered by
Dembo et al. (1988). The model is derived from a mechanical
force balance on a peeling interface, allowing for stress dis-
tribution within the contact region with the greatest stress
acting on bonds at the perimeter of the region. The treatment
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FIGURE 8 Adhesion strength per receptor present in the contact region
(FIR,,) for the various animal species IgG, as a function of the dissociation
constant. The adhesion strengths were calculated by multiplying the slopes
of the plots of critical detachment stress versus bead receptor number
(Fig. 7) by a conversion factor llOpa3/a (Cozens-Roberts et al., 1990),
combining the translational and rotational forces acting on the bead due to
the fluid shear stress. The averaged force for the mixed bead population is
shown. A weighted least-squares curve fit of the Dembo/Evans expression
for the average bond strength, modified by the parameter vP as in Eq. 6, to
the data specifies = 1.3 X 1018 #-liter/cm2-mol and lb = 8.8 A. An average
ligand density of 3.5 X 1015 #/cm2 was used. The fit is characterized by
XI= 15.7 and R = 0.76.
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specifies that the bond association and dissociation rate con-
stants may be altered by input of energy, by a strain-
dependent phenomenon.
Dembo et al. define the critical tension Tcrit as the value
required to just begin peeling of a cell surface from the ad-
hesion substratum. A mechanical force balance leads to an
expression for Tcrit:
kBONRln{ 1 K I
Tcrit 1 + cos a
where kB is Boltzmann's constant, 0 is absolute temperature,
NL is the substratum ligand density, a is the front angle be-
tween the membrane and the surface, and NR is the cell re-
ceptor density. Equation 2 has the same form as the classical
Young equation (Adamson, 1982), and thus the surface en-
ergy for bonding between the membrane and the surface is
equal to the numerator on the right-hand side of the equation
(Dembo et al., 1988):
-y = kBONRln{ 1 +-} (3)
Evans (1985) shows that the adhesion energy can also be
written in terms of a specific bond force:
ly = Nbf= (-) 2l (4)
where Nb is the bond density, fb is the force to break a bond,
lb is the extent of stretch required to reach the peak force fb,
Ft is the total force to detach a bead/cell from the surface, and
AC is the contact area. The total force is obtained by inte-
grating the product of the bond density and bond force over
the contact area. Equating Eqs. 3 and 4 and solving for the
force per receptor in the contact region gives:
Ft _ 2kB or N1
RC lblnt 1 'k- (5)
Our measured values of KD were obtained for solution
ligand binding to surface-bound receptors, because there is
presently no method available for determining KD values
when both ligand and receptor are surface-bound. Hence, we
must rewrite Eq. 5 in terms of our measured, solution/surface
KD values. We accomplish this by including a parameter, 71,
to convert the measured KD values to appropriate surface/
surface values:
Ft 2kB or N
RC lb {+Mk-} (6)
In order to examine the predictions of this model for the
effects ofbond affinity change on specific adhesion strength,
Eq. 6 can be fit to our experimental data in Fig. 8. We meas-
ured NL in our system to be 3.5 X 1012 ± 0.5 x 1012 #/cm2
by radioactive ligand experiments. After substitution of
the constants (kB = 1.38 X 10-23 J/K, 0 = 298 K, and
NL = 3.5 X 1012 molecules/cm2) and the values for the equi-
librium dissociation constant and the slope, the unknown
parameters are the conversion factor -j and the bond stretch
lb. A weighted least-squares two-parameter curve fit of
Eq. 6 to the data is shown in Fig. 8. The fit specifies TJ as
1.3 x 1018 #-liter/cm2-mol and lb equal to 8.8 A. (This im-
plies that a solution/surface KD value of 10-6 M, for instance,
would correspond to a surface/surface value of approxi-
mately 1 X 1012 #/cm2.) The resulting fit is shown in Fig. 8.
It is replotted on logarithmic scale in Fig. 9, reinforcing the
observation displayed in Figs. 3 and 7, that bond chemical
affinity and mechanical adhesion strength are directly re-
lated. Moreover, a dependence of adhesion strength on the
logarithm of the bond affinity is clearly exhibited.
Our covalent linkage methods permit heterogeneous cou-
pling of the proteins to the bead and glass surfaces. It is
conceivable that the effective ligand density might vary for
the different IgG species, if higher affinity species are able
to "see" binding sites not accessible to lower affinity species.
By performing experiments to measure the amount of bound
antibodies for three different species or buffer conditions, we
can determine the effect of this variation of binding site avail-
ability. Using radioactive antibodies, we measured the den-
sity of bound antibodies to SpA-coated glass plates, and sub-
sequently used these values for functional ligand density NL.
We measured active NL for rabbit at both buffer pH 3.0
and 7.4 and for mouse at pH 7.4. The experiment gave
1.1 X 1012 ± 0.3 X 1012 molecules/cm2 for the number of
bound rabbit antibodies at pH 7.4 buffer conditions. The
identical experiment, but using pH 3.0 PBS buffer, gave a
density of 1.1 X 1012 ± 0.1 X 1012 molecules/cm2 for the
number of bound rabbit antibodies. Radiolabeled mouse IgG
gave a result of 4.7 X 1011 ± 0.7 X 1011 molecules/cm2.
The experimental adhesion strengths for these three sys-
tems were then plotted as a function of KD/NL, using the
functional NL obtained from the radiolabeled experiments.
Fig. 10 shows the data. The Dembo/Evans relation (Eq. 6)
can be modified and fit to the data, now as a function of
10
8 4f rabbit (pH=7.4)
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~-3
2 pig MO sheep
0 goat
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~ 107-010-
Dissociation Constant, KD (M)
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FIGURE 9 Adhesion strength per receptor present in the contact region
(F/Rc) for the various animal species IgG, replotted as a function of dis-
sociation constant on a logarithmic scale. The model prediction for the
average bond strength is shown by the solid line.
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FIGURE 10 Adhesion strength per receptor present in the contact region
(FIRC) for the various animal species IgG, as a function of the ratio of
dissociation constant to functional ligand density, KD/NL. Ligand densities
for three different systems were measured by radiolabeled experiments. A
weighted least-squares curve fit of the Dembo/Evans expression for the
average bond strength, modified by the parameter q as in Eq. 6, to the data
as a function of KDINL, specifies q = 6.7 X 1017 #-liter/cm2-mol and lb
5.9 A. The fit is characterized by X2 = 0.2 and R = 0.99.
KD/NL. The two-parameter curve fit to the data, shown in
Fig. 10, specifies rq = 6.7 X 1017 #-liter/cm2-mol and
lb = 5.9 A. All species are plotted in Fig. 11, along with the
model values calculated using the parameters obtained for r
and lb in the three-point curve fit. As with the fit using con-
stant ligand density, the model describes the experimental
data quite well, using the varying values for ligand density.
An assumption underlying application of Eq. 6 to our data
is that the numbers of bonds initially present before detach-
ment begins are identical despite the KD changes. We have
so far assumed that all receptors in the contact area are bound
during incubation before detachment, because the substra-
tum ligand density (3.5 x 1012 #/cm2) is significantly larger
than the two-dimensional surface KD values under all con-
c
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FIGURE 11 Adhesion strength per receptor present in the contact region
(FdRc) for the various animal species IgG, replotted as a function ofKD/NL
on a logarithmic scale. The model prediction for the average bond strength
is shown by the solid line.
ditions studied here and greater than all cell receptor numbers
used. However, we can be more rigorous and analyze these
data without this assumption. By applying an equilibrium
isotherm, the expected bond number in the contact region, Bi,
can be determined using the ligand density and the now-
specified dissociation constant qTKD:
Bi
-
NL
1D +
(7)
where RC is the receptor number per bead in the contact re-
gion. We can now estimate the required detachment force
per bond initially present. Table 2 displays the experimen-
tal specific force per bead Ft over a range of dissociation
constants, using the parameters for rq and lb from the con-
stant ligand density fits of the Dembo/Evans relation to the
data. Using Eq. 6 (the curve in Fig. 9), we can determine
this total force, choosing a typical receptor number of 106
receptors/bead or roughly 2,000 receptors in the contact
area. Table 2 also displays the number of bonds, Bi, in the
contact area, determined from Eq. 7, using a contact radius
of 0.45 gm for a bead of 10-,um diameter, with q = 1.3 X
1018 #-liter/cm2-mol. If we assume that all bonds in the
contact area are equally stressed, we can calculate a mini-
mum force per bond. Alternatively, we can calculate a
maximum force per bond by assuming that stress acts only
on bonds at the contact area perimeter. Both sets of values
are shown in Table 2 for comparison.
DISCUSSION
Mechanical strength of specific cell adhesion is generally
presumed to be related to the receptor/ligand bond affinity.
Theoretical models exist that predict a logarithmic depen-
dence of mechanical detachment force on chemical affinity
(Bell, 1978; Dembo et al., 1988), but no data have been
previously obtained to experimentally test these models. This
is the goal of our present work.
TABLE 2 Estimated force per bond for various KD values*
Minimum Maximum
KD (M) F, (,udynes) Bi Ft/Bi (,dynes) Ft/Bi (,udynes)
10-9 15,000 2,000 7.4 330
10-8 10,600 2,000 5.3 240
10-7 6,300 1,950 3.2 140
10-6 2,500 1,470 1.7 64
10-5 400 420 1.1 22
* Specific force required per bond for bead detachment can be estimated as
a function of solution/surface dissociation constant, KD. Adhesion strengths
per bond (FJBj) for a range ofKD values are calculated here for two limiting
cases: (1) a minimum bond force is estimated by assuming that the force on
the bead acts equally on all bonds in the contact area; (2) a maximum bond
force is estimated by assuming that the force on the bead acts only on the
bonds at the contact area perimeter. In this table Ft is the experimental
specific detachment force per bead, obtained by multiplying the values from
the curve in Fig. 9 (Eq. 6) by a contact area receptor number of about 2000,
as determined from a typical receptor number of 106 molecules/bead. The
contact radius is set at 0.45 ,um for a bead of 10-,um diameter. The number
of contact area bonds, Bj, is obtained by using Eq. 7, with XQ = 1.3 X 1018
#-liter/cm2-mol. The number of perimeter bonds is estimated simply by
taking the square root of Bi.
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We have shown that the adhesion strength can be meas-
ured as a function of affinity, using a radial-flow detachment
assay. Choosing a simple model cell system has enabled us
to examine the different contributions to the adhesion pro-
cess. By using latex polystyrene beads possessing well-
characterized properties, many complications arising from
using real cells have been minimized. The beads allow easy
and systematic manipulation of the type and number of pro-
teins on the surface. Measurement of adhesion strength over
a range of receptor numbers is essential for elucidating the
specific contribution of receptor/ligand bonds to overall ad-
hesion strength, relative to nonspecific colloidal forces. Fur-
ther, covalent linkage of the proteins to the bead and glass
surfaces prevents alternative modes for disruption of attach-
ment. Flow cytometric and radioactive techniques were used
to measure the equilibrium dissociation constant, KD, be-
tween IgG and SpA. Most importantly, alteration of medium
pH or use of different animal species as IgG sources per-
mitted variation of KD over 3 orders of magnitude.
As shown in Fig. 7, the specific adhesion strength was
shown to be related to the equilibrium dissociation constant,
with a lower dissociation constant (greater bond affinity)
corresponding to a higher slope (greater adhesion strength).
These data are the very first that experimentally demonstrate
a dependence of adhesion strength on receptor/ligand bind-
ing affinity. We examined these experimental results in terms
of a theoretical relation combining analyses by Dembo et al.
(1988) and Evans (1985). This relation predicts a logarithmic
dependence of adhesion strength on bond affinity. As seen
in Figs. 9 and 11, our data are essentially in accord with this
prediction.
Using experimental information on bead size and contact
area, we are able to estimate an average detachment force
required per bond within the contact region. Depending on
whether we assume that bonds are equally stressed over the
entire contact area or only at the contact perimeter, we can
calculate extreme of the bond force. Magnitudes of this de-
duced "bond strength" fall in the range of a few to a few
hundred microdynes, depending on the stress assumption, as
shown in Table 2. Previous theoretical (Bell, 1978) and ex-
perimental (Evans et al., 1991) estimates have given values
at the lower end of this range. An interesting point to note
is that Evans et al. found detachment strengths to all fall
within a factor of two despite using receptor/ligand pairs that
might have possessed significantly different affinities. In that
particular experimental system, this observation was shown
to arise from disruption of attachments by distraction of pro-
teins from cell membrane instead of by dissociation of
protein/protein bonds. Our results suggest a plausible alter-
native, since bond strength appears to depend only weakly
on the bond affinity, in logarithmic manner. Although KD
values were not explicitly measured by Evans et al., Eqs. 6
and 7 predict that only small differences in bond strengths
might have arisen from affinities differing by a couple orders
of magnitude. The fact that our estimated bond strengths are
greater than the force needed to extract receptors from a
sistent, however, with a likelihood of cell detachment by
receptor extraction when they are not cytoskeletally linked
and by receptor/ligand dissociation when they are cyto-
skeletally linked.
The variation of adhesion strength with bond affinity has
two components contributing to it. First, the actual number
of receptor/ligand bonds present in the contact region de-
pends on the value of KD, following Eq. 7. Second, the force
required to dissociate a bond appears to increase with in-
creasing affinity, as seen in the right-most columns of Table
2. Together, these two factors give rise to the overall increase
of adhesion strength with bond affinity. Note as an example
from Table 2 that the overall adhesion strength increases by
a factor of about 6 for a decrease in KD from micromolar to
nanomolar range. This result depends on the ligand density,
NL, as can be seen in Eqs. 6 and 7.
A conversion factor is required to change dissociation con-
stants measured in solution to "two-dimensional" or surface/
surface dissociation constants. We are aware of no straight-
forward experimental technique to measure this conversion
factor, but it can be deduced by matching a particular form
of adhesion theory, such as the Dembo et al. model, to ad-
hesion strength data. We have estimated the conversion fac-
tor q by fitting this model to our adhesion data to determine
values for the unknowns, q1 and lb. We can compare these
curve-fit estimates with theoretical values. The conversion
for dissociation constants can be calculated theoretically by
using the gap height between the cell membrane and the
surface, at closest proximity. Using a gap height of200A and
Avagadro's number, we obtain a theoretical value for 71 of
1.2 X 1015 #-liter/cm2-mol. Comparing the theoretical value
for rq to the value obtained by fitting Dembo's model to the
experimental data, we obtain a difference of 103. The higher
value for the experimentally deduced conversion factor can
plausibly be attributed to an effect of immobilization of the
proteins, beyond mere geometry. This could be caused by the
random orientation of the proteins immobilized on the sur-
faces, with many orientations precluding productive binding.
Covalent coupling occurs through amine groups on the pro-
teins, and all the proteins used have numerous amine groups
throughout the protein structure. Multivalent interactions ex-
isting between antibodies and proteinA could also contribute
to the value of rj, as we have assumed simple monovalent
binding. For the effective bond length lb we obtained values
close to 10 A from the model fit to the data. This estimate
agrees well with expected values (Bell et al., 1984).
Some issues need to be considered carefully for future
attempts to rigorously apply more detailed theoretical models
to our experimental data. More complete information con-
cerning bond stress distribution is clearly necessary. In ad-
dition, a fuller understanding of the biochemical aspects of
the system, the protein-protein interactions and orientations,
would be useful in drawing a conclusion about the relation-
ship of absolute bond strengths and bond affinity. We could
also improve the fit of the Dembo et al. model by using higher
order terms with nonzero peeling velocities to account for
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transient experimental conditions. For example, the bond as-
sociation and dissociation rate constants might be incorpo-
rated, since our detachment experiments do not represent
equilibrium conditions. It is possible that kinetic deviations
could explain the discrepancy found for pig IgG (see Figs.
9 and 11). Nonetheless, we anticipate that analyses based on
computer simulations such as that presented by Hammer and
Apte (1992) should be very useful in more complete inter-
pretation of our data.
One important application of the results is to the analysis
of affinity-based cell separation processes. An example is the
widely used avidin/biotin system utilized by cell affinity
chromatography columns (Berenson et al., 1986). The af-
finity between the protein avidin and the vitamin biotin is
reported to be 1015 liters/mol (Green, 1963) compared to the
SpA/IgG association equilibrium constant on the order of 108
liters/mol. Although the affinity for avidin/biotin increases
by 6-7 orders of magnitude, adhesion strength on a per bond
basis (as determined by Dembo's model) increases by only
a factor of 2-3 greater than an ordinary bond for typical
substratum ligand densities. An implication is that the ad-
hesion bond strengths are not highly dependent on the af-
finities, explaining the easy removal of biotinylated cells
from an avidin-coated surface by mechanical agitation (Be-
renson et al., 1986). Therefore, the comparative advantage of
avidin/biotin chemistry to facilitate cell attachment during
continuous fluid shear (Berenson et al., 1986) might in fact
be due more to its unusually fast association rate constant.
Such a situation would be consistent with previous theoreti-
cal (Hammer and Lauffenburger, 1987) and experimental
(Lawrence and Springer, 1991) suggestions.
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